Optical tweezers can manipulate micro-particles, which have been widely used in various applications. Here, we experimentally demonstrate that optical tweezers can assemble the micro-particles to form stable structures at the glass-solution interface in this paper. Firstly, the particles are driven by the optical forces originated from the diffraction fringes, which of the trapping beam passing through an objective with limited aperture. The particles form stable ring structures when the trapping beam is a linearly polarized beam. The particle distributions in the transverse plane are affected by the particle size and concentration. Secondly, the particles form an incompact structure as two fan-shaped after the azimuthally polarized beam passing through a linear polarizer. Furthermore, the particles form a compact structure when a radially polarized beam is used for trapping. Thirdly, the particle patterns can be printed steady at the glass surface in the salt solution. At last, the disadvantage of diffraction traps is discussed in application of optical tweezers. The aggregation of particles at the interfaces seriously affects the flowing of particles in microfluidic channels, and a total reflector as the bottom surface of sample cell can avoid the optical tweezers induced particle patterns at the interface. The optical trapping study utilizing the diffraction gives an interesting method for binding and assembling microparticles, which is helpful to understand the principle of optical tweezers.
Introduction
Two-dimensional materials possess a large number of interesting and important properties. There have been various methods developed to assemble two-dimensional colloidal crystals [1] [2] [3] . Since the discovery of optical tweezers [4] , optical tweezers have been used in various applications [5] [6] [7] [8] , and widely used for the assembly and reconfiguration of particles. In the liquid environment, each optical trap can only manipulate one or very few particles three-dimensionally. To assemble and reconfigure the colloidal particles, optical tweezers are required to manipulate many particles at the same time. The natural solution is to manipulate the particles with multiple traps. Multiple traps can be generated with the methods such as adding amount of trapping laser source [9] , trapping laser beam splitting [10] , time-shared optical trapping [11] , and holographic optical traps [12] [13] [14] [15] . Those methods can create multiple individual optical traps, and the traps can manipulate a large amount of colloidal particles.
It is generally believed that the particles are trapped only in an irradiated diffraction limited spot where optical force is exerted on the particles by a laser beam. However, in recent years, it has been demonstrated that single beam optical tweezers can gather lots of colloidal particles outside the focus of trapping laser at the glass-solution interfaces [16] [17] [18] [19] [20] [21] [22] . The mechanism of the above phenomenon is complicated. Optical trapping force derives from the conservation of the electromagnetic momentum in the light-matter interaction. The total optical force acting on a particle can be separated into the gradient force and the scattering force. The gradient force tends to attract the particle into the beam focus, and the scattering force tends to push the particle along the beam propagation direction. If the gradient force is stronger than the scattering force, the particle is trapped and can be manipulated. In general, the particle can be only trapped in the central diffraction spot of the laser beam, which is focused by a high numerical aperture objective. The high order diffraction fringes can not trap the particles because their axial gradient forces are weak and easily overwhelmed by thermal fluctuations. When the optical tweezers are close to an interface, the particles can be held in two dimensions against the interface to prevent them from escaping the traps. The transverse gradient forces drive the particles into the diffraction fringes, and the particles are reconfigured and assembled at the interface.
In this work, the optical assembly is driven by an optical force from the diffraction patterns, which are induced by the limited aperture of microscope objective. The particles are confined in the bright diffraction fringes. The particles' distributions in the transverse plane are controlled by changing the trapping depth, or using cylindrical vector beams as trapping beams. Furthermore, the particles can form steady patterns at the bottom of the sample cell when the particles are dispersed in a salt solution. Finally, the disadvantage of diffraction traps is discussed when the optical tweezers are used to trap the particles close to the interface, and a corresponding solution is proposed.
Experimental Methods
Our optical tweezers setup is based on an upright microscope as shown in Figure 1a . A 1064-nm laser (CNI, Changchun, China, MIL-N-1064, TEM 00 ,cw) with the beam waist 3 mm is used as the trapping laser source. The beam is converted into a linearly polarized beam after a linear polarizer. The beam can be converted into a cylindrical vector beam via a radial polarization converter (s-waveplate, Workshop of Photonics, Vilnius, Lithuania). The beam is expanded to fulfill the pupil of objective (6 mm) with the beam expander, which is constructed with two lens (L1 and L2, f L1 = 50 mm, f L2 = 100 mm). The beam is reflected by mirrors M1 and M2 into the microscope, and reflects downward by a dichroic mirror to a microscope objective (PLAN, oil immersion, 100×, NA 1.25, Mingmei, Guangzhou, China) and focuses into the sample cell. The trapping depth (the distance between the focus and the slide interface) can be adjusted by moving the sample stage along the beam propagation direction. The images are recorded by a Complementary Metal Oxide Semiconductor (CMOS) camera, and acquired by the movie capture software. The laser beam is a linearly polarized beam except those specially mentioned. The laser power can be changed by adjusting the input current and measuring at the pupil of the objective lens.
The samples were the suspensions of polystyrene microbeads. Four kinds of beads (Thermo Scientific, Waltham, MA, USA, Catalog & Diameter, 4202A, 2 µm; 4009A, 1 µm; 3500A, 0.5 µm; 3200A, 0.2 µm) were used in the experiments. The particles were washed and resuspended in the deionized water except those specially mentioned. The particle concentration was adjusted by the volume of deionized water. About 40 µL suspension was dropped on a slide and then covered with a coverslip for observation and optical trapping. Due to the limited working distance of the objective, the suspension drop was pressed to a thin sample cell with thickness about 140 µm between the slide and coverslip.
In this work, the micro-channel chip made of polydimethylsiloxane (PDMS) & coverslip was purchased from Suzhou Wenhao Chip Technology Co., Ltd. Suzhou, China. The lower surface of the chip was closed with a coverslip with a thickness of 170 µm, which can be observed by the objective in the experiment. The channel was 50 µm in height and 100 µm in width. The polystyrene suspension was injected into the channel by a digital injection pump. The injection pump and chip were connected by polyethylene (PE) pipes and stainless steel joints. 
Results and Discussion

Assembling of Particles with Linearly Polarized Beam
In typical optical tweezers, a high numerical aperture objective is used to focus a laser beam tightly for a three-dimensional potential well. In general, the aperture of the objective lens is much smaller than the waist of the trapping beam. The diameter of the objective aperture is 1 mm in the experiments. When the beams propagate through the objective lens, the diffraction patterns are visible at the slide-water interface. The bright diffraction fringes generate the diffraction optical traps near the surface of slide. Figure 1c shows the diffraction pattern of the linearly polarized Gaussian beam and the corresponding light intensity distribution. Colloidal particles can be trapped by the bright diffraction fringes. The particles are trapped two-dimensionally at the slide surface, and the supporting force balances against the scattering force to prevent the particles from escaping from the traps. As the number of trapped particles increases, the particles form a ring structure at the glass-water interface. The process of rings' structure formation is shown in Figure 2a -d. The laser power is 450 mW. The amount of 1 µm particles in the solution is 2 × 10 8 cm −3 . At first, the micro-particles are dispersed and walk randomly before turning on the trapping laser, as shown in Figure 2a . When initiating the optical tweezers, the particles are attracted by the optical forces and confined in a bright region of diffraction fringes, as shown in Figure 2b . With time going on, the number of confined particles gradually increases, as shown in Figure 2b -d. Finally, particles are assembled into the structure of several concentric rings, under the control of optical forces from bright diffraction fringes. We also use a circularly polarized beam to repeat the assembling experiments. The result is similar to that of the linearly polarized beam, and the particles are confined in the bright region of diffraction fringes to form a concentric ring structure. Most of the optical tweezers are three-dimensional optical traps, which can manipulate the particles axially (in a z-direction) by changing the trapping depth. However, the optical traps generated by the bright diffraction fringes in this paper are two-dimensional traps, and there is not enough axial gradient force to overcome the scattering force for manipulating the particles in the z-direction. Contrast to three-dimensional optical traps, changing the the distance between the focus and the glass surface can not manipulate the particles in the z-direction, but can move the particles transversely in the x-y plane. By changing the the distance between the focus and the glass surface, the radii of the diffraction rings are changed at the slide surface. When the radii of the diffraction rings change, the radii of the particles rings are changed accordingly because the particles are driven by the diffraction rings in the x-y plane. The changes of rings radii are showed in Figure 2d -f. In Figure 2d , the particles rings are initially at the trapping depth of 1 µm. When the trapping depth decreases, the radii of diffraction rings become small. The radii of the particles rings decrease with the decreasing of the radii of diffraction rings. Figure 2e shows the image of the particles rings when the trapping depth decreases to ∼0.5 µm. It can be seen that the radii of particles rings become smaller compared to Figure 2d , and the aggregation is more compact. When the trapping depth increases, the radii of the particle rings become larger, as shown in Figure 2f . Furthermore, the movement of the total ring structure at the interface can be achieved by shifting the diffraction pattern at the x-y plane. When the trapping depth is larger than 3 µm, the intensity of high order bright fringes and the optical forces decrease drastically at the slide-water interface. The diffraction optical traps become an ordinary three-dimensional optical trap, which can trap the particles only at the focus spot.
The confinement capabilities of the diffraction optical traps are related to the particle concentration and laser power. We evaluate the confinement capabilities of the diffraction optical traps by the time required for a complete pattern. The complete pattern means the outermost diffraction fringe has been full of particles. The required times are measured for various laser power and the different concentrations. Figure 3a shows the relation between the required time and laser power for 1 µm particles at the number concentrations of 4 × 10 8 cm −3 . The required time decreases linearly with the laser power increasing because the optical gradient force is proportional to the laser power. Figure 3b shows the relation between the required time and particle concentration for a 1 µm particle at the laser power of 820 mW. The required time decreases when the particle concentration increases. The larger particle concentration means that there are more particles around the diffraction fringes, so the bright fringes have more opportunities to trap the particles and shorter time is required to form a complete pattern. a b Figure 3 . Confinement capabilities of diffraction traps for 1 µm particles. (a) the confinement capability as a function of laser power at a particle concentration of 4 × 10 8 cm −3 ; (b) the confinement capability as a function of particle concentration at laser power 820 mW.
Patterns Affected by Particle Size and Concentration
In the experiments, polystyrene microspheres with a diameter of 2 µm, 1 µm, 0.5 µm, and 0.2 µm are used for the optical trapping. As shown in Section 3.1, the 1 µm particles form a ring structure. However, the 2 µm particles assemble to form a close-packed structure in the experiments. When the trapping laser beam irradiates at the slide, and the distance between two bright diffraction fringes are related to the aperture of the microscope objective. The distance between two bright fringes is about 2 µm at a trapping depth of 1 µm. Therefore, the 1 µm particles are confined at the bright fringes and the rings of particles can be distinguished individually. When the size of trapped particles becomes larger, each particle bestrides two bright fringes. Then, the particles form a compact structure, and no ring structure can be observed.
The 0.5 µm particles can form a ring structure at a trapping depth of ∼0.5 µm, as shown in Figure 4a . The laser power is 820 mW, and the particle concentration is 4 × 10 9 cm −3 . It is found that some particles is unstable. When the diameters of particles become smaller, the optical forces from the diffraction fringes acting on the particles decrease drastically. The gradient forces of some fringes are not enough to overcome the Brownian motion, so some particles randomly leave the diffraction fringes. It is beneficial to confine more particles stably in the rings at higher laser power. At this concentration, it is similar to the phenomenon of 1 µm particle. The radii of particle rings can be changed by changing the trapping depth. When the trapping depth is larger than 3 µm, there is no ring pattern formed.
The 0.2 µm particles with a concentration of 4 × 10 9 cm −3 do not form a stable ring structure at the trapping depth of ∼0.5 µm and even the laser power is added to 1.5 W. We believe that the gradient forces on the 0.2 µm particles generated by the diffracted fringes have been overwhelmed by the thermal fluctuations; therefore, diffraction fringes can not confine the 0.2 µm particles to form stable ring structures.
In this paper, we also do the experiments with 0.5 µm and 0.2 µm particles at large concentrations. It is found that the formed patterns are different from that at the low concentration. Even the diffraction fringes can not confine the particles stably, the 0.2 µm particles can form the unstable ring structure at the trapping depth of 5 µm when the concentration is added to 10 11 cm −3 . There are lots of particles attracted into the bright diffraction fringes. Since the concentration of particles is so high, there are many particles around the diffraction fringes. The number of particles entering and leaving the rings are equal, so the particles can form a clear ring structure under the action of very weak gradient forces. Furthermore, even at the position where the trapping depth reaches 15 µm, the ring structure formed by the 0.5 µm particle is still clearly visible at the concentration of 10 11 cm −3 . At the concentration of 10 11 cm −3 , the 0.5 µm particles rings are changed with trapping depth increasing, as shown in Figure 4b -f. When the laser beam is focused on the slide, the radius of the particles ring is small. As the trapping depth increases, the higher order diffraction fringes are able to gather the particles, which gradually increase the radii of particle rings. Lots of the particles form dynamic stable ring structures because the transverse gradient forces attract them into the diffraction fringes.
In the experiments, the radius of the 0.2 µm particles ring is smaller than that of 0.5 µm. At the laser power of 820 mW, the 0.5 µm particles form the rings with a maximum radius of ∼6 µm, while the 0.2 µm particles form the rings with a maximum radius of ∼3 µm at a trapping depth of 5 µm. Because the light intensities are weak for the high order diffraction fringes, the gradient forces can not drive the 0.2 µm particles to form rings and the maximum radius is smaller than that of 0.5 µm particle rings.
However, the 1 µm particles can not form a ring structure even if the concentration is as high as 2 × 10 10 cm −3 (original concentration) when the trapping depth is larger than 3 µm. The gravity of the 1 µm particle is large, and the particles can not stay in the position with a high trapping depth within a sufficient time. There are not enough particles to form an unstable ring structure at a high trapping depth. However, the gravity of a 0.5 µm particle is much smaller, and the particles can stay in a position far away from the slide surface. Thus, the gradient force drives the 0.5 µm particles into the bright fringes to form a ring structure at a high trapping depth.
Controlling the Particle Distribution with Cylindrical Vector Beams
The particle distribution in the transverse plane can be controlled by changing the properties of the focused beam, which can be obtained by changing the ratio of the waist of the laser beam to the objective aperture [23] , or using structured beams as the optical trapping beam [24, 25] . In this paper, we use the cylindrical vector beam to vary the intensity of the focused beam and study the optical assembling of the particles under the diffraction patterns. Cylindrical vector beams are the class of laser beams that arise from the solution to the vector Helmholtz equation with cylindrical boundary conditions. Cylindrical vector beams possess azimuthal symmetry in their amplitude distribution and a spatially inhomogeneous polarization direction [24] . There has been a rapid increase in investigations on cylindrical vector beams because of their interesting properties and potential applications in optical trapping and laser machining [26] [27] [28] [29] . In this paper, the linearly polarized beam becomes a cylindrical vector beam after passing through the s-waveplate. The polarization angle, ψ, is varied by rotating the s-waveplate. Beams with ψ = 0 and ψ = π/2 are radially and azimuthally polarized, respectively. The transmission of the s-waveplate for radially and azimuthally polarized beams at 1064 nm are 77.6% and 68.3%, respectively. The laser power before the objective lens are 450 mW for the two cylindrical vector beams in the experiments.
There is a dark line in the center of the diffraction patterns of the azimuthally polarized beam, which is consistent with the previous investigation [30] . After passing through the polarization filter in Figure 1a , the shape of intensity of the azimuthally polarized beam becomes a two-fan shape. There are two bright spots in the center, which are separated by a black line. The diffraction pattern is divided into two parts as fan-shaped distribution. When the trapping laser is working, the particles are also attracted and confined in the bright fringes. As the number of trapped particles increases, the particles are arranged as two fan-shaped distribution, as shown in Figure 5a , due to the fan-shaped distribution of the diffraction patterns. Although the center of the diffraction patterns is a dark line, the particles are attracted to the center of the fans because of the existence of two bright spots in the central region. The central dark line is covered by the particles and can not be observed in the particle patterns. The fan-shaped formation can be rotated by rotating the polarization direction of the polarization filter.
We repeated the assembling experiment with a radially polarized beam. In the experiments, the radially polarized beam is no longer passing through the polarization filter in Figure 1a . When the trapping laser starts to work, the particles can be trapped and confined by the bright diffraction fringes. However, as time goes on, most of the particles are gradually attracted into the central diffraction spot. The trapped particles in the center gradually form a compact structure, and the result is shown in Figure 5b . The intensity distributions of the diffraction fringes are measured in the experiment when the trapping depth is 1 µm from the interface. The results are listed in Table 1 . The main peak in Table 1 is the brightest fringe of the central diffraction spot. For the linearly polarized beam, the main peak is the intensity of the bright central spot. There is a dark annulus in the intensity distributions of the diffraction field of the azimuthally and radially polarized beam. In the Table 1 , we take the brightest fringes close to the dark annulus as the main peaks. The peak intensities are normalized by the intensity of the main peak, respectively. The light intensity of focused radially polarized beam is more concentrated in the main diffraction spot, as seen in Table 1 . Furthermore, the radially polarized beam can be focused to a spot size significantly smaller than for linearly polarized beam [30] . The spot with a smaller size and stronger intensity will generate a stronger gradient force for the radially polarized beam. The gradient force generated by the central spot drives most of the particles into the center, which changes the whole diffraction pattern. The intensities of the high-order diffraction fringes are weak, and only the central spot can trap the particles. Finally, the particles are assembled to a compact structure, as shown in Figure 5b . It can be seen that the size of the two-dimensional particles aggregation is much larger than the size of the central spot, but the particles still form a stable structure. For optical tweezers in the water, the particles far from the trap center can be attracted by the forces from the high order fringes. The attracted particles move towards the trap center and are finally trapped at the central spot. This is why optical tweezers can trap the particles far from the trap center. Furthermore, only the central spot has sufficient axial gradient force, and the other diffraction fringes do not have sufficient axial force to confine the particles in the water, so the fringes can not form stable three-dimensional traps, and the particles can only be trapped by the central spot in the water.
Forming Steady Patterns of Particles in a Salt Solution
The particles form a ring structure in deionized water because they are confined by the gradient forces generated by the diffraction spot. It is the same as the previous studies, and the particles are trapped against the surface and can not escape from the traps [15, 21, 25] . However, the aggregation is unstable without the laser confinement. When the laser is off, the particles are free to move and the formed patterns of particles will be destroyed.
Forming steady patterns of micro-particles is of great interest. The interaction between the dispersed particles can be described with Derjaguin-Landau-Verwey-Overbeek (DLVO) theory. Our above experiments are carried out in deionized water, and the particle structures are destroyed when the laser is off. In order to form steady patterns of micro-particles, there must be chemical conditions such that the particles have strong interactions. If the particles are in a salt solution, the ionic concentration will change the interaction of the particles, and eventually change the particle structures [31] [32] [33] . Previous research has demonstrated that the interaction of the particles can be adjusted by using different concentrations of NaCl in polystyrene solution, and found that 0.5 mol/L NaCl is very appropriate for forming steady patterns [34] . Under this NaCl concentration, the particles are mostly single and do not gather quickly, which makes pattern formation easy.
In the experiment, the 0.5 µm particles are washed and dispersed in 0.5 mol/L NaCl solution. The particle concentration is 4×10 9 cm −3 . In the experiment, the particles are attracted into the diffraction traps at a trapping depth of ∼0.5 µm. When the particles are attracted into the diffraction rings, the particles do not walk randomly but adhere to the slide surface firmly. The ring pattern is steady, and the structure is clear in view. The steady pattern formed by the diffraction traps remains even when the laser is off. This method can be used to print the particle patterns on the surface of the slide. The process of duplication is shown in Figure 6 . When a particle pattern is completed, then the pattern is moved to the left by the sample stage. After 50 s, the particles form a new particle pattern by the diffraction fringes.
The method for assembling particles in this paper is limited with the particle size. According to experiment results, the method can not assemble the particles with a diameter larger than 2 µm into a ring structure because the large particles are closely assembled. Furthermore, this method also fails to assemble the particles with a diameter smaller than 500 nm into a ring structure. When the particle diameter becomes smaller, the gradient forces generated by the diffraction fringes are insufficient to overcome the Brownian motion.
The diffraction traps demonstrated in the paper can only assemble transparent colloidal particles but can not be used to assemble metal particles and absorbing particles. For metal particles, the forces exerted by the diffraction fringes repel them to leave the traps. For the absorbing particles, the laser heating of particles results in a strong thermal gradient that drives the particles to leave the diffraction fringes [35] [36] [37] . Plasmonic tweezers may be a suitable method to assemble the metal or absorbing particles [38] [39] [40] [41] . The size of the ring structure formed by particle assembly is limited. The action range of the diffraction fringes are limited, so the particles can only be assembled within the action range and it is difficult to assemble the particles in a large scale. If more ring structures are to be assembled, it is necessary to add a salt solution to adjust the interaction between the particles and the slide; then, the particles can be assembled and fixed on the slide. By moving the sample cell with the help of sample stage, a lot of particles' ring structures can be duplicated and printed.
Disadvantage of the Diffraction Trap in the Application of Optical Tweezers
When the optical tweezers are close to the interface, the diffraction may seriously disturb some experiment processes, such as application in the micro-channel. The particles may be seriously gathered by optical tweezers at the bottom surface of the micro-channel. In our experiment, the 2 µm particle suspension is injected into the micro-channel. The velocities of the particles are measured by tracking the particles' motion in the images. The particles are flowing with the velocity of 715 ± 157 µm/s in the micro-channel. The particles' concentration is 2.5 × 10 8 cm −3 and the laser power is 1.5 W. As shown in Figure 7a , the optical tweezers can only trap a single particle, and there is no aggregation in the micro-channel at the beginning. However, more particles are trapped by the diffraction traps, and more and more aggregation of particles settles in the lower part of the flow close to the trap. On the other half side of the micro-channel, the particles do not aggregate due to the absence of the optical tweezers. The experiment shows that the diffraction will seriously affect the flowing of particles in the micro-channel.
The particles aggregate at the surface of the micro-channel, which can be due to the ability of trapping a large number of particles by the diffraction traps. After the traps confine a lot of particles and form the aggregation, the flow velocity downstream of the aggregation becomes slow, which will induce more particles into further aggregation.
The aggregation is mainly related to the change of particle flowing. If one solvent with lower viscosity is used to dilute the particles, the flowing ability of particles in the micro-channel can be improved, which may be helpful to reduce the aggregation in the micro-channel. If the particles are diluted by the solvents, which can weaken the particle interaction, we think it might not be effective for reducing the aggregation. On the other hand, if the solvent strengthens the particles interaction, it will lead to more aggregation.
In addition, when optical tweezers are usually used to measure the tiny forces near an interface, the diffraction of trapping beam may seriously interfere with the correct experiment result if the optical trap is close to the surface. Besides the hydrodynamic correction [42, 43] , the optical trapping by the diffraction fringes should be avoided. In the experiments, we found that using the total reflect mirror as the bottom surface of sample cell can prevent the optical tweezers from forming diffraction traps for collecting a large amount of particles. The axial forces on the particles from the high order diffraction fringes are equal to axial forces of the total reflection beam, so the traps generated from the high order fringes are unstable traps, and the particles leave the fringes due to the Brownian motion. The optical trapping becomes similar to the optical trapping in water, and the particles can only be trapped on the central spot. 
Conclusions
In summary, we have proposed and demonstrated utilization of diffraction of a trapping laser beam for the optically guided assembly of colloidal particles at the glass-water interface. The trapping laser beams include linearly, azimuthally and radially polarized beams. The diffraction optical traps assemble the particles to form ring structures for linearly polarized beams. The results show that the particle distributions in the transverse plane are drastically affected by the particle size and concentration. With the help of a polarizer, the particles are arranged as fan-shape structures with azimuthally polarized beams. The particles are accumulated and crystallized as a two-dimensional compact structure under the optical force generated by the radially polarized beam.
NaCl, serving as the electrolyte, is used to change the particle-particle interaction, and the interaction between the particles and substrate slide. Under the concentration of NaCl at 0.5 mol/L, the particle patterns are easily printed steadily on the glass surface. The ability of trapping and manipulating an amount of particles has been expected to provide an intersecting method for self-organization assembly [44] [45] [46] . Furthermore, we discuss the influence on the application of optical tweezers in microfluidic channels, and use a reflector as the surface of the sample cell to avoid the diffraction traps' induced aggregation. The demonstrated examples in this paper might have applications for two-dimensional colloidal assembly and understanding the principle of optical tweezers. 
